In this work we report on a new mechanism to generate dissipative steady state entanglement in two coupled qubits driven by strong periodic ac fields. We show that steady entanglement can be generated at one side of a multiphoton resonance between a non-entangled ground state and an entangled excited state. The degree of entanglement can be tuned as a function of the amplitude of the periodic drive. A rich dynamic behavior with creation, death and revival of entanglement can be observed for certain parameter regimes, accessible in current experimental devices.
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The generation and stabilization of entanglement is one of the main challenges in quantum information applications. In recent years strategies based on the creation of steady state entanglement through engineered dissipation have been discussed theoretically [1-3] and demonstrated in experiments [4] [5] [6] [7] [8] [9] [10] . In this scheme, the system of interest is driven by external fields and coupled to a reservoir, developing a nontrivial non-equilibrium dynamics that leads to a highly entangled steady state. The effective relaxation rates can be tuned by adequately designing the quantum reservoir, the system-reservoir couplings or the driving protocols. Experimental demonstrations include realizations with trapped ions [4] [5] [6] , atomic ensembles [7] , and superconducting qubits [8] [9] [10] . Another strategy for entanglement stabilization are measurement based protocols, which have been implemented, for example, in coupled superconducting qubits [11] [12] [13] [14] [15] .
The different proposed mechanisms for driven dissipative entanglement generation utilize weak resonant drivings to tailor the relaxation processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, for large amplitude periodic drivings, interesting non perturbative effects are known to exist. Among these, coherent destruction of tunneling [16] [17] [18] , Landau-ZenerStückelberg (LZS) interferometry [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] and bathmediated population inversion [11, [29] [30] [31] have been studied in two-level systems.
Relying on these later effects, we present a new mechanism to induce steady state entanglement. Using as a test system two coupled qubits, we will demonstrate that the entanglement in the steady state can be induced and tuned by changing the amplitude of a driving periodic field. One of our main results is advanced in Fig.1(a) where we show how the concurrence (a measure of entanglement) can be increased or decreased as a function of the amplitude of the periodic driving.
In this work we consider two coupled qubits with HamiltonianĤ s (t) =Ĥ 0 +V (t), wherê of independent oscillators. We consider a linear and weak system-bath coupling represented by the HamiltonianĤ sb = g σ
, with B an observable of the bath. We assume an Ohmic spectral density J(Ω) = γΩe −|Ω|/ωc , where γ ∝ g 2 , and the bath is at equilibrium at temperature T b . We focus on the dynamics of the reduced density matrix ρ(t) = Tr b (ρ tot ), obtained by tracing out from the global density matrix ρ tot , the degrees of freedom of the thermal bath. We solve the corresponding Quantum Master Equation under the Floquet-Born-Markov approach [46] , which allows for the treatment of driving forces of arbitrary strength and frequency in open systems. We calculate numerically the steady state ρ(t → ∞) and the time dependent ρ(t) taking as initial condition the ground state ofĤ 0 (see Supplementary Information).
We choose as an entanglement measure the concurrence, which can be calculated for mixed states as C = max{0, λ 4 − λ 3 − λ 2 − λ 1 }, where λ i 's are real numbers in decreasing order and correspond to the eingenvalues of the matrix R = √ ρρ √ ρ, withρ = σ
y [47] . The manipulation of entanglement by an ac drive has been already studied in closed systems, neglecting the effect of the thermal bath. For two isolated coupled qubits, the generation of entanglement can occur at and near nphoton resonances [44, 45] , when the resonance is among two separable, i.e. disentangled, eigenstates of H 0 (SS resonance) or when the resonance is among a separable eigenstate (taken as the initial condition) and an entangled eigenstate (SE resonance). The system Hamiltonian H 0 , for ∆ 1 , ∆ 2 0 , has two entangled eigenstates
(|01 ±|10 ) (in the basis spanned by the eigen-
z ) with eigenenergies E e± ≈ ∓J/2, and two separable (disentangled) eigenstates |s 0 ≈ |00 and |s 1 ≈ |11 , with eigenenergies E s0 ≈ − 0 and E s1 ≈ 0 , respectively. The ground state is entangled (|E 0 ≈ |e − ) with concurrence C ≈ 1 for | 0 | < |J|/2 and separable (|E 0 ≈ |s 0 ) for | 0 | > |J|/2, with C ≈ 0. In Let us analyze what happens for the open system situation considered in the present work. From now on we will focus on the possibility of entanglement generation when the ground state is separable, | 0 | > |J|/2. Fig.1(b) shows the concurrence C ∞ in the stationary regime, as a function of A/ω and 0 /ω, for J/ω = −2.5. When the driving is on, A = 0, we find that entanglement generation takes place for certain values of 0 , which are close to the SE resonances at 0 ≈ |J|/2 + nω. As it is shown in detail in Fig.1 (a), in these cases the concurrence is modulated by the driving amplitude and, by adequately tuning A, C ∞ can reach values close to 1, corresponding to a maximally entangled Bell's state, even when the ground state is separable.
To understand why there is generation of steady entanglement near SE resonances, it is necessary to analyze in detail the time-evolution of the system. Fig.2(a) shows C(t) as a function of 0 /ω and the normalized time t/T for a fixed value of amplitude A/ω = 3.8, with T = 2π/ω. It is straightforward to observe that the concurrence displays a rich dynamics near the multiphoton resonances. At short times there is a driving induced generation of entanglement at and near the values of 0 corresponding to SS or to SE resonances. This short time dynamic entanglement creation is carried out by the coherent superposition of states induced by the driving, and corresponds to the usual Rabi-like oscillations at multiphoton resonances [24, 48] . Similar results have been obtained for the isolated system, as we already mentioned [45] . In that case, the concurrence in the parameter space [ 0 , A] presents a pattern that can be understood in terms of LandauZener-Stückelberg (LZS) interference, extensively studied and observed in single superconducting qubits [24] . However, for times above the decoherence time, t > t c [with t c ∼ 10 3 T in Fig.2] , we find that the driven induced entanglement fades away in the case of the SS resonances. In this situation, the entanglement is fragile against the noise of the external environment and it is easily destroyed beyond the decoherence time.
A strikingly different behavior takes place in the case of SE resonances. At large time scales, above the relaxation time t r > t c , we find the generation of steady entanglement at one side of the SE resonances. As an example, we show in Fig.2(b) the time evolution of the concurrence for two off-resonant cases that are close to an SE resonance. For 0 /ω = 4.1 (shown in black line), that is below the SE resonance at 0 /ω = 4.25, we see that at initial times the entanglement is negligible (the concurrence is very small) and only after driving the system for large times, above t r ∼ 10 4 T , steady entanglement is created. The entanglement induced in this later case is robust and stable at long times, opposite to the SS resonance situation previously described. Another interesting and non trivial behaviour takes place for 0 /ω = 3, which corresponds to an SS resonance that is very close to the SE resonance at 0 /ω = 3.25 (this C(t) is plotted with a green line in Fig.2(b) ). At t = 0 the ground state is disentangled and C ≈ 0. After the driving is turned on, there is a dynamic generation of entanglement due to a Rabi-like resonance among two separable states, giving place to an oscillating C(t) that can reach values close to 1. At the decoherence time, this entanglement dies off and the concurrence drops to zero for t > t c ∼ 10 3 T , and stays at this value for times up to 10 5 T . Above this later time, steady state entanglement sets in, which is induced due to the nearness to the SE resonance at 0 /ω = 3.25. Thus, those cases where SS and SE resonances are close, exhibit a rich behavior as a function of time with creation, death and revival of entanglement.
The dynamics of the two paradigmatic examples discussed above can be better described in terms of quantum tomography, by evaluating the time evolution of individual components of the density matrix. In Fig.3 we present the plot of the density matrix elements ρ kl as function of t/T using the eigenstates basis {|E k }, with k, l = 0, ..., 3. [See Fig.1(c) , where the eigenstates are plotted versus 0 /ω]. As the off-diagonal ρ kl (not shown in the plot) become negligibly small above the decoherence time, the interesting behavior is obtained for the populations, given by the diagonal terms ρ ii . Fig.3(a) shows the case for 0 /ω = 4.1, where the ground state (black line) is separable, and is close to a resonance with the first excited state (red line), which is entangled. The population of the two other eigenstates is negligible along all the time evolution, and the dynamics can be reduced to the subspace of the two states that are near resonance. Since the system is off-resonance, the population remains mostly in the ground state, which corresponds to the initial condition. At large times, above t r , the population of the first excited state rapidly increases and the ground state is depopulated. This explains the sudden creation of entanglement shown in Fig.2(b) for this case, since the first excited state is entangled. The case of creation, death and revival of entanglement is plot in Fig.3(b) , for 0 /ω = 3. Here, the ground state (black line) is at resonance with the third excited state (green line), and both are separable states. For times t < t c , their populations display Rabi-like oscillations while the populations of the other two states are negligible. Close to the decoherence time the oscillations are damped, and both populations tend to be equal to 1/2. Above t c the coherence between these two states is lost, and the concurrence vanishes. At larger time scales, above t r , a rapid transfer of population to the first excited state (red line) sets in, with almost all of the population being transferred to this entangled state.
The behavior seen in Fig.3(a) , is reminiscent of the dynamic transition found in driven dissipative two-level systems near a multiphoton resonance [11, 31] , where population inversion can be induced in the steady state. The relaxation rate is strongly dependent on the amplitude A and, in the case of two-level systems, it has been written as a sum of terms Γ r (A) = n Γ (n) r (A) [11, 25, 49] . The n-th term can be interpreted as the contribution of n virtual ω photons. The Γ (0) r corresponds to the direct relaxation from the excited state to the ground state, and it is the dominant relaxation mechanism for low A. For large amplitudes, A ω, the rates Γ r (A) [11] . In this case, the Γ (−m) r term corresponding to the absorption of m photons from the ground state followed by a relaxation to the excited state, prevails instead of the standard relaxation from the excited state to the ground state.
Near a m-photon resonance we can effectively concentrate on the subspace spanned by the two states intervening in the resonance. Within this approximation, we have calculated the rates Γ (n) r (A) (see the Supplementary Information). In Fig.4(a) we plot the time dependence of the concurrence as a function of A/ω for 0 = 4.1 below a m = 3-photon SE resonance. Here we see that for certain values of A there is generation of entanglement in the steady state. Fig.4(b) shows the calculated Γ r (A). This shows that by tuning the value of A near an SE resonance one can attain the conditions for populating the first excited state at long times, leading to the generation of stable steady state entanglement.
To summarize we have found three different dynamical regimes for entanglement evolution in driven coupled qubits: (i) Below the decoherence time, t < t c , there is a dynamic generation of entanglement at multiphoton resonances, as described in [44, 45] . (ii) For times t c < t < t r , there is a long time interval of entanglement blackout, where entanglement is destroyed due to decoherence with the environment. (iii) Above the relaxation time, t > t r , entanglement is created and preserved for long times near the SE resonances. This later effect enables the generation of steady state entanglement, which can be tuned as a function of the driving amplitude A. Quantum state tomography measurements [13] in solid state devices where Landau-Zener-Stückelberg interferometry has been studied in single qubits [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] are good candidates to test this new mechanism for entanglement generation.
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Supplementary Information: Amplitude tuning of steady state entanglement in strongly driven coupled qubits
FLOQUET-MARKOV MASTER EQUATION
The open system dynamics can be described by the global Hamiltonian
whereĤ s (t) =Ĥ 0 +V (t) corresponds to the Hamiltonian of two coupled qubits H 0 driving by periodic external fieldŝ V (t). SinceĤ s (t) =Ĥ s (t + τ ) with τ = 2π/ω 0 the driving period, it is convenient to use the Floquet formalism, that allows to treat periodic forces of arbitrary strength and frequency. [S1-S4] In the Floquet formalism, the solutions of the time dependent Schrödinger equation are of the form |Ψ α (t) = e iγαt/ |α(t) , where the Floquet states |α(t) satisfy |α(t) =|α(t + τ ) = K |u α (K) e −iKωt , and are eigenstates of the equation [H(t) − i ∂/∂t]|α(t) = γ α |α(t) , with γ α the associated quasi-energy.
We consider a bosonic thermal bath at temperature T b described by the usual harmonic oscillators Hamiltonian H b , which is linearly coupled to the two-qubits system in the formĤ sb = gA ⊗ B, with g the coupling strength, B an observable of the bath and A an observable of the system. The bath degrees of freedom are characterized by the spectral density J(Ω) = γΩe −|Ω|/ωc , with ω c the cutoff frequency. It is further assumed that at time t = 0 the bath is in thermal equilibrium and uncorrelated with the system.
The global dynamics obeys the Von-Neumann equatioṅ
which after tracing over the degree of freedom of the bath becomes an equation for the evolution of the two-qubits reduced density matrix ρ(t) = T r b (ρ tot (t)),ρ
After expanding ρ(t) in terms of the time-periodic Floquet basis {|α(t) }, (α, β = 0, 1, 2, 3)
the Born (weak coupling) and Markov (fast relaxation) approximations for the time evolution are performed. In this way, the Floquet-Markov Master equation [S2, S3, S5-S10] is obtained:
with L αβ,α β (t) the transition rates and Q ∈ Z. The Fourier coefficients are defined as
with g K αβ = J(γ αβ + Kω)n th (γ αβ + Kω), and γ αβ = γ α − γ β (γ α the quasienergy associated to the Floquet state |u α (t) ) and K ∈ Z. The thermal occupation is given by the Bose-Einstein function n th (x) = 1/(e x/k B T − 1). Each A K αβ is a transition matrix element in the Floquet basis, defined as
with |u α (L) the L ∈ Z Fourier component of the Floquet state.
Considering that the time scale t r for full relaxation satisfies t r τ , the transition rates L αβ,α β (t) can be approximated by their average over one period
where the rates
can be interpreted as sums of Q-photon exchange terms. We obtain numerically the Floquet components |u α (K) and then we calculate the rates R αβα β and L αβα β . After obtaining the L αβα β terms, the time dependent solution of ρ αβ (t) and the steady state ρ αβ (t → ∞) are computed as described in Ref. [S11] .
RESONANCE CONDITIONS AND QUANTUM STATE TOMOGRAPHY AT RESONANCES
From the results presented along this work [S12] , it follows that the relevant entanglement dynamics takes place near the resonance conditions. We classify the resonances according to the involved states: the SS-resonance (separable-separable states), SE-resonance (separable-entangled states and vice versa) and EE-resonance (entangledentangled states). We calculate the resonance conditions considering the Hamiltonian H s (t) =Ĥ 0 +V (t), as it was already done in Ref. [S13] .
The Hamiltonian isĤ 
the interaction term and J the coupling strength. The system Hamiltonian H 0 , for ∆ i 0 , has two entangled eigenstates |e ± ≈ 1 √ 2 (|01 ± |10 ) (in the basis spanned by the eigenstates of σ
(1)
z ) with eigenenergies E e± ≈ ∓J/2, and two separable (disentangled) eigenstates |s 0 ≈ |00 and |s 1 ≈ |11 , with eigenenergies E s0 ≈ − 0 and E s1 ≈ 0 , respectively. terms that contribute to the relaxation rate (c) as a function of A/ω. All the cases correspond to the fixed value 0/ω = 4.1. The other parameters are the same presented in Fig.(S1) .
